A comparison is made of the mechanochemical activation of three low and one high defect kaolinites using a combination of X-ray diffraction, thermal analysis and DRIFT spectroscopy. The effect of mechanochemical alteration of the kaolinites is greatest for the low defect kaolinites. The effectiveness of the mechanochemical treatment is represented by the slope of the d(001)peakwidth-grinding time line. High defect kaolinites are not significantly altered by the grinding treatment. The effect of mechanochemical treatment on peakwidth was independent of the presence of quartz; the quartz acts as an additional grinding medium. The effectiveness of the mechanochemical treatment depends on the crystallinity of the kaolinite. Two processes are identified in the mechanochemical activation of the kaolinite: first the delamination of kaolinite appears to take place in the first hour of grinding and secondly a recombination process results in the reaggregation of the ground crystals. During this process proton hopping occurs and reaction to form water takes place. This water is then adsorbed and coordinated to surface active-sites created during mechanochemical treatment.
Introduction
The effect of grinding on the structure of kaolinite has been known for some time (1) (2) (3) (4) . The effect of grinding of soils containing kaolinite has also been elucidated (5) . This effect influences the cation exchange capacity of the soil (6) . In the 1960's the grinding of kaolinite was thought to produce a zeolite-like material. Two processes were identified: firstly the destruction of the kaolinite layers to create a new amorphous material and secondly the aggregation of the ground particles to produce an agglomerated material (7) (8) (9) (10) . It is probable that the mechanochemical modification of kaolinite results in the formation of xerogel type materials (11, 12) . Such materials are no doubt on the nanometer scale and the effect of the dry grinding of kaolinite is a method of effectively synthesizing a nanomaterial.
Dry grinding causes the kaolinite layers to fragment and results in the formation of spheroidal particles. (13, 14) . It has been proposed that dry grinding removes the hydroxyl units from the kaolinite and results in the formation of new kaolinite surfaces (13, 14) . Dry grinding of kaolinite with group I and II halides has been used to produce novel intercalates of kaolinite and it was proposed that dry grinding of the kaolinite resulted in an increased degree of intercalation (15) (16) (17) (18) . Dry grinding of minerals such as coals which contain kaolinite as an impurity has implications for the combustion of coals (19) .
Numerous techniques have been used to study the effects of dry grinding. The most common technique is X-ray diffraction (20, 21) . The problem is that dry grinding of the kaolinite eventually produces an amorphous material. This means that some other technique such as infrared spectroscopy is used to study changes in mineral structure (19, 22) . Whilst infrared spectroscopy enables considerations of molecular structure, bulk properties might be ignored. Thermal analysis is often the technique of choice for the study of bulk phases (23, 24) . TG and DTA measurements show that effects of dry grinding often alter dehydroxylation temperatures and influence higher temperature reactions. Such chemical changes have serious implications in the formation of ceramics (23, 24) . Recent studies have shown the effect of mechanochemical activation of highly ordered kaolinite (25) (26) (27) (28) . Impurities such as quartz and their influence have not been taken into account in previous studies. In the case of the influence of the quartz, these studies have been undertaken by the authors. However, the effect of the presence of other minerals on the mechanochemical activation of kaolinite is not known (27) . In this paper we report a comparison of the mechanochemical activation of four kaolinites and comment on implications for mineral processing of kaolinite by dry grinding.
Experimental

The kaolinite minerals
Kaolinites used in the experiments were high-grade natural kaolinites from sources in Hungary, Slovakia and Australia. Four kaolinites were used (a) the Szeg kaolinite from Hungary, (b) the Kiralyhegy kaolinite from Hungary (c), the Zettlitz kaolinite from Slovakia and (d) the Birdwood kaolinite from South Australia. The kaolinites used were selected (apart from the Kiralyhegy kaolinite) for this experiment because of their low quartz content and high purity. 
Milling procedure
A Fritsch pulverisette 5/2-type laboratory planetary mill was used to grind the kaolins.
Samples were ground for 0, 1, 2, 3, 4 and 6 hours. All four kaolinites were ground under precisely the same conditions that have already been reported (25) .
X-ray powder diffraction
The XRD analyses were carried out using a Philips PW 3020 vertical goniometer equipped with curved graphite-diffracted beam monochromator using CuKα radiation.
Data collection and evaluation were performed with PC-APD 3.6 software. Profile fitting was applied to extract information concerning microstructure and structural defects of kaolinite and its alteration products.
Thermal analysis and surface area
Thermoanalytical investigations were carried out under dynamic heating conditions 
DRIFT spectroscopy
Diffuse Reflectance Fourier Transform Infrared (DRIFT) spectroscopic analyses were undertaken using a Bio-Rad FTS 60A spectrophotometer. 512 scans per spectrum were obtained at a resolution of 2 cm -1 with a mirror velocity of 0.3 cm/sec. Spectra were averaged to improve the signal to noise ratio. Approximately 3 weight % ground kaolinite was dispersed in 100 mg of oven dried spectroscopic grade KBr. Reflected radiation was collected at ~50% efficiency. Background KBr spectra were obtained and spectra ratioed to the background. The diffuse reflectance accessory used was designed exclusively by Bio-Rad for 
XRD results
One means of following the structural degradation of kaolinite layers is to use X-ray diffraction. Such a technique is useful up to the point when the ground materials become Xray amorphous. Thereafter, some other technique such as infrared spectroscopy becomes useful. The 001 reflections in the X-ray diffraction patterns for the four kaolinites studied in this work are shown in Figure 1 . Figure Å. Whether it is valid or not to undertake curve resolution of the d(001) peak is questionable.
The observation of multiple peaks means that more than one phase is observed. What the component bands do illustrate is that there is a tail on the low angle (increased spacial distance) side of the peak. This means that there is a range of interspacial distances for each of the kaolinites, apart from Kiralyhegy kaolinite (30) . This is particularly evident for the What is evident is that the widths of the peaks for the low defect kaolinites increase with time of grinding. This variation is shown in Figure 2 . The width of the peak is related to the crystallite size according to the Scherrer equation:
Where L is the mean crystallite dimension (Å) along a line normal to the reflecting plane, K is a constant close to unity, and β is the width of the reflection at half peak height 
DRIFT spectroscopy
One method for studying changes in the surface structure of kaolinites is to use DRIFT spectroscopy. (31) (32) (33) The kaolinite hydroxyl surface is mechanochemically activated upon grinding. Changes in the surface structure may be followed by changes in the hydroxyl stretching and deformation regions. There is a progressive decrease in the reduction rate of crystallite size of the kaolinites during grinding. This has significant effects upon DRIFT spectra of the hydroxyl stretching region. These steps happen when mechanochemical activation of the kaolinite occurs. It is highly likely that point heating at specific sites during grinding is the cause of this dehydroxylation and this results in the increase in dehydroxylation with grinding time (45) (46) (47) (48) . These steps require proton delocalisation at specific hydroxyl sites. Such delocalisation may occur when the mechanochemical treatment of the kaolinite causes heating at the point of contact between two particles. For water to form, these protons must migrate to a second hydroxyl site. If two adjacent hydroxyls are involved in the two step process it will be homogenous; if, however, non adjacent hydroxyls are involved, such a process would require proton diffusion (sometimes referred to as proton hopping) and probably counteractive cation diffusion with the water molecules being produced at the outer surface. Where hydroxyls of different acidities are to be found, the homogenous process is more likely. It can be argued that kaolinites dehydroxylate by this homogenous process during mechanochemical activation.
Changes in the surface structure of kaolinites during mechanochemical activation may be also followed by using the hydroxyl deformation modes at 914 to 935 cm -1 . These two bands are attributed to the hydroxyl deformation of the inner and inner surface hydroxyls. In general, the two features at 935 and 914 cm -1 are observed for each of the kaolinites. Curve resolution for the low defect kaolinites enables an additional band at 925 cm -1 to be observed.
For the Szeg kaolinite a band is also observed at 877 cm -1 , ascribed to free or non-hydrogen bonded deformations. The variations in relative intensity of the 935 and 914 cm -1 bands are shown in Figure 7 . In general the intensity of the 935 cm -1 band decreases with grinding time.
The effect appears to be greater for the Zettlitz kaolinite. Concomitantly the relative intensity of the 914 cm -1 band increases.
The advantage of studying the hydroxyl deformation modes lies with the avoidance of the in-phase and out-of-phase behaviour and the overlap of water OH stretching bands.
Consistent with the behaviour of the kaolinite OH stretching bands, the kaolinite hydroxyl deformation modes show a decrease in intensity with grinding time.
Implications for mineral processing
This research has implications for the processing of kaolinite. First the effects of dry grinding of kaolinite depend on the type of kaolinite and to some extent on its Hinckley
Index. Secondly the optimum grinding time is dependent upon the initial water content.
Thirdly the effectiveness of grinding depends upon the rate of change of crystallite size as measured by the change in peak width of the d (001) Such impurities act as a grinding medium and may be an advantage in that the particles serve to keep the surface active particles apart. In the case of the high defect kaolinite, the mechanochemical treatment decreases the content of the crystalline phase, but there is a parallel increase in defect density. This research shows that there is an optimum time for grinding kaolinite beyond which any further grinding will be of no benefit. 
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